Polyfluorenes (PFs) represent a unique class of poly para-phenylene based blue-emitting polymers with intriguing structure-property relationships. Slight variations in the choice of functionalizing side chains result in dramatic differences in the inter-and intra-chain structures in PFs. We present photoluminescence (PL) and Raman scattering studies of bulk samples and thin films of dioctylsubstituted PF (PF8) under hydrostatic pressure. The bulk sample was further thermally annealed at 1.9 GPa. The PL vibronics of the as-is sample red-shift at an average rate of 26 meV/GPa.
structure of the molecular backbone. 14, 15 For example, the β phase backbone is stabilized when the side chains in PF8 adopt an anti-gauche-gauche conformation, as shown in the inset of Fig. 1 . The rich phase morphology of PF8 is also seen in thin films of its model oligomers.
16
Hydrostatic pressure allows a study of materials in a region of phase space not accessible by chemical techniques. Application of hydrostatic pressure allows tuning of both intermolecular and intramolecular interactions in polymer chains without changes in the chemical make-up. 17 The photophysical studies of conjugated materials under high pressure indicate that enhanced intermolecular interaction produces an increased degree of conjugation, increased exciton trapping in organic polycrystalline molecules, 18 redshift and broadening of the photoluminescence, 19, 20, 21, 22 enhancement of excited state dynamics at polymerpolymer heterojunctions, 23 destabilization of localized states as in methylated ladder-type PPP (MeLPPP), 24 and changes in the ring torsion motion as in non-planar para hexaphenyl (PHP) and other oligophenyls. 25, 26 The pressure dependent optical studies in PHP and other oligophenyls further reveal the individual contributions of the intermolecular and intramolecular interactions.
25
Optical studies in PFs under pressure allow tuning of the rich phase space and its impact on electron-phonon interactions. Our previous work on PF2/6 under pressure shows dramatic changes in the PL spectrum that mainly originates from defect and aggregate states.
27
The Raman peaks shift to higher energies exhibiting unexpected antiresonance line shapes at higher pressures. Although the Raman spectra show very similar behavior for PF8 and PF2/6 under pressure, indicating similar anharmonic interactions, the emission properties of the two materials are vastly different under pressure. These differences arise as a result of their unique backbone conformations: PF2/6 due to its helical backbone conformation shows a higher degree of overlap of the electronic wave-function, while PF8 also shows some excimeric emission but the changes in its PL spectrum are much more gradual compared to PF2/6. Due to the various conformational isomers, PF8 shows planarization of the backbone at relatively low pressures when pressure is applied to the more non-planar conformation, which is absent in PF2/6.
II. EXPERIMENTAL DETAILS
The PF8 sample was obtained from American Dye Source (BE-129) and loaded as-is in the pressure cell. For thin film studies under pressure, a solution of PF8 (in toluene)
was drop-casted on the bottom surface of the diamond. The sticking coefficient of PF films is quite poor on diamond and therefore they experience a hydrostatic environment.
The pressure studies were conducted in a Merrill-Bassett-type diamond anvil cell (DAC) with cryogenically loaded argon as the pressure medium. Pressure was measured using the luminescence of a ruby chip located in the pressure chamber. The photoluminescence (PL) spectra were excited using the 325 nm line of a HeCd laser or the 351 nm line of an Ar ion laser. The luminescence excitation was analyzed with an Ocean Optics 2000 spectrometer with 25-micron slits. Raman spectra were collected using an Invia Renishaw spectrometer attached to a confocal microscope with a ×50 long working distance objective and the 785 nm line of a diode laser as the excitation wavelength. Typical laser power was a few mW on the sample. The bulk sample under pressure was also thermally cycled at room temperature (RT) from its n-LC phase at 160
• C, using similar thermal steps as in previous ambient pressure studies.
14

III. STEADY-STATE PHOTOLUMINESCENCE
The PL studies were carried out from two samples of PF8 loaded in DACs, one from a thin film cast from toluene and the other from the bulk sample. Both the film and bulk samples showed a signature of the β phase before loading in the DAC. The bulk sample was thermally cycled at 1.9 GPa by heating it to 160
• C and bringing it slowly back to RT.
Due to the higher self-absorption in the bulk sample, the high energy vibronic peaks are not very well resolved. Vibronic progressions are clearly seen in thin films of PF8, indicating a coupling of the backbone carbon-carbon stretch vibration to the electronic transitions.
The transition highest in energy is the 0-0 transition, which takes place between the zeroth vibronic level in the excited state and the zeroth vibronic level in the ground state. The 0-1 energy involves the creation of one phonon.
The peak positions of the PL vibronics in PF8 are good indicators of the nature of chain conformations; under ambient conditions the β conformer is identified by a 0-0 transition which is almost ∼ 100 meV red shifted compared to the α conformer.
28 Figure 1 shows the PL spectra from the thin film sample at selected values of pressure. The 2.83 eV 0-0 emission at ambient pressure indicates the presence of the β phase. The Raman spectra from the film also indicate the presence of this phase, as shown in Section IV. The PL vibronics are seen to red shift upon enhanced pressures. The higher vibronic peaks smear out beyond 5.0
GPa. The PL spectra in Fig. 1 were measured while pressure was being increased. The hysteresis is small; upon decreasing the pressure the PL spectra were almost identical to the ones shown. Figure 2 compares the PL spectra of the as-is bulk sample before and after it was thermally cycled. The thermal cycling (TC) was carried out at 1.9 GPa, after which the PL spectra were measured upon increasing the pressure till 6.5 GPa, and then decreasing it down to 0.3 GPa. The ambient pressure 0-0 PL vibronic peak blue shifts by almost 70 meV after TC. This is attributed to a change in the crystalline phase, discussed in greater detail in the next section. This crystallization is seen even under pressure. The PL spectra further broaden after TC. 
A. Discussion of PL results
The complexity in deciphering the optical spectra of PF8 arises from the fact that the polymer must be simultaneously assessed in terms of its crystallographic phase and the distribution of conformational isomers. PF8 cast from various solvents appear in a metastable structure at RT.
14 Cooling from n-LC phase yields the α and α ′ crystalline phase. X-ray diffraction (XRD) studies show the α ′ crystalline polymorph to be similar to the α phase and, in addition, it is exceptionally well oriented with respect to the surface normal in both ultrathin and moderately thick films. 2 The progression to the α crystalline phase is extremely • C reduces the C β conformer and enhances the fraction of the C α conformer. 14 Upon cooling the polymer back to RT from the n-LC phase, a higher fraction of the C γ conformer is seen.
Both the film and the bulk samples of PF8 in this work were initially characterized by the C β conformer. The red-shift of the PL vibronics and the spectra as a whole, as seen in Figs. 1 and 2 , are common to almost all conjugated polymers and molecules indicating a higher degree of effective conjugation. This arises due to the higher overlap between the π-electron wavefunctions. The overall PL spectrum of PF8 were fitted with 4 Gaussian peaks, three of them originating from the 0-0, 0-1, 0-2 vibronics, and a low energy defect emission. Beyond 3 GPa the PL spectra need to be fit with an additional low energy peak at 2.0 eV, as shown for the 5.6 GPa data in Fig. 1 . Most probably this peak arises from an excimer-type emission.
When PF8 is thermally cycled by cooling the sample slowly from its n-LC phase, it changes to an overall three-dimensional M crystalline phase that precludes the C β conformer. 15 The resulting disordered C α conformer, which has a non-planar backbone conformation, shows a blue-shifted 0-0 peak at 2.9 eV (ambient pressure data in Fig. 2 ). Upon thermally cycling our PF8 sample at 1.9 GPa (indicated by the arrow in Fig. 2 ) the overall spectrum and the individual vibronics broaden. At this pressure the difference between the PL vibronic energies between the thermally cycled and the as-is sample is almost 40 meV, similar to the trend seen in the ambient pressure data. These results imply that even at 1.9
GPa the nature of the crystalline phase after TC is similar to thermal cycling at ambient pressure. Table I . The pressure coefficient of the bulk (before TC) and the film samples are almost the same and yield an average pressure coefficient of (∼ -26 meV/GPa). The bulk sample after TC in contrast, shows three distinct regions with different pressure coefficients. This is more pronounced for the 0-1 PL peak as shown by a linear fit of these regions (solid black line). The data suggests distinct phase changes at 1.1 GPa and 4.2 GPa. Beyond 4.2 GPa the thermally cycled bulk sample shows a very slow red-shift of the PL energies. For comparison, the pressure coefficient of the PL energies from a PF2/6 film are also shown. 27 They are similar to as-is bulk PF8.
It is worth pointing out that in oligophenyls, where a single bond connects two phenyl rings, a sharp change in the pressure coefficient is observed in the PL vibronics around ∼ 1.5
GPa; below 1.5 GPa the pressure coefficient of the PL energies is higher. 25 Such changes in oligophneyls have been attributed to planarization of the molecule. The repulsion between the ortho-hydrogen atoms leads to a torsion of neighboring phenyl rings with respect to the single bond connecting them. First principles calculation of a PPP chain predicts a decrease in the bandgap energy by almost 1 eV when the torsional angle between the phenyl rings changes from 50
• to 0
• . 31 Bulk PF8 before TC behaves similar to PF2/6 27 with no discernable changes in the pressure coefficients as a function of pressure. Upon TC, when the polymer crystallizes, the C β conformer is eliminated and the polymer has a high fraction of
It is likely that at 1.1 GPa, pressure induces a planarization between the monomer units driving the system more towards the C β conformation. Our
Raman scattering studies presented in Section IV point in the same direction. where a reversible phase transition is seen at 3.6 GPa. 29 This transition corresponds to a π stacking molecular arrangement with an increase in the bulk modulus (inverse of the compressibility). The crystal structure of PF8 is quite different from fluorene itself but the transition at 4.2 GPa in our data may be similar to fluorene with an enhanced π stacking geometry, which would induce a stronger inetrchain interaction. Additionally, theoretical calculations involving 3-D interactions of PPP chains show that an enhanced interchain interaction results in a broadening of the absorption/PL with a very small red-shift of the band gap. 24 Our experimental data shows a large increase in the PL linewidth of the TC sample beyond 5 GPa (Fig. 4) , pointing to the direction that at these pressures the predominant effect of hydrostatic pressure is an enhanced interchain interaction.
The PL linewdith shows differences between the as-is bulk and annealed samples. The full width at half maximum (FWHM) of the 0-1 PL vibronic is plotted in Fig. 4 ; the 0-0 peak also shows a similar behavior. The as-is sample clearly shows a PL broadening with increasing pressures. PL broadening as a function of pressure sheds light on the nature of intermolecular interactions and originates from the differences in compressibility of the ground and excited electronic states in configuration coordinate space. 30 In amorphous polymers such as MeLPPP, a similar broadening of the PL vibronics under pressure has been observed, 17 reflecting a strong interaction perpendicular to the chain axis. The PF8 sample that was thermally cycled, on the other hand, shows a very different dependence; on an in polycrystalline molecules such as PHP. 17 Since TC induces an overall crystalline phase in PF8, no changes in the linewidths till 6 GPa indicate a lower compressibility perpendicular the chain axis. The sudden increase in the PL linewidths beyond 6 GPa implies a change in the 3-D crystalline phase. It is hard to predict exactly how the crystallinity changes beyond 6 GPa solely from optical measurements but these observations match with the low pressure coefficient of the PL energies at high pressures (Fig. 3) . corresponds to an average number of phonons that are involved when an excited molecule relaxes to its ground state configuration from its new equilibrium configuration in the excited state (after the absorption of a phonon). Assuming that the vibrational frequency is the same for ground and excited states and that the potentials are perfectly parabolic, S may be experimentally determined from the fractional intensity of the vibronic peaks. The relative intensities of the features coupled by a single phonon frequency (ω) are described by
where I total is the total intensity of individual transitions. I 0→n is the intensity of the transition from the 0 th vibronic excited state to the n th vibronic state of the electronic ground state. The Huang-Rhys factor therefore corresponds to the average number of phonons that are involved when the excited molecule relaxes to its ground state configuration from the excited state, and Shω is the relaxation energy. S may be determined from the fractional intensity of the vibronic peaks:
I 0→1 , I 0→2 , and I 0→3 refer to the intensity of the emission from the zeroth vibrational level excited state to the first, second, and third vibrational level of the ground state, respectively.
The relative strengths of the vibronic transitions change with both temperature and pressure. In a prior work we have shown that the Huang-Rhys factor in small molecules and long-chain polymers decreases with decreasing temperatures. 10 The results for PF8 as a function of temperature are shown in Fig. 5 , where the S -factor was determined by using Eq.
(2) and the vibronic intensities beyond 0-3 were neglected. Smaller conjugated molecules typically show a larger value for S, which arises due to their large normal coordinate displacement between the ground and excited electronic states. The glassy phase in PF8 shows a much higher value for the Huang-Rhys factor compared to the β phase, signaling planar conformations for the ground and excited states of the latter. factor is enhanced and almost remains a constant at 1.3, beyond 3.0 GPa. Lower values of the Huang-Rhys factor at ambient conditions imply a delocalized excited state along with a smaller geometric relaxation that follows a transition from the excited state to the ground state.
A comparison of the Huang-Rhys factors in PF8 as a function of temperature and pressure show that they increase, albeit at different rates. Upon increasing the temperature, the singlet excitons typically become more localized in smaller conjugated chain segments. 10 This localization results in a higher value for S with increasing temperatures. The red-shift of the PL spectra upon increasing pressures is a clear sign of an enhanced effective conjugation and thus represents a higher delocalization of the excited state. This unambiguously shows that a higher value of the S -factor with enhanced pressures has a different origin as compared with enhanced temperatures; under enhanced pressures the geometric relaxation of the electronic states is increased, increasing the S -factor.
IV. RAMAN SCATTERING STUDIES
The Raman spectrum of PFs is characterized by numerous intramolecular C-C/C-H stretch and bend modes spanning from 100 cm −1 to 1600 cm region arise from an intra-ring C-C stretch frequency and is best fit with two peaks: an overwhelmingly dominant peak at 1605 cm −1 and at least one or two weak peaks in the range of 1570-1600 cm −1 . These weaker peaks correspond to a breathing motion of the pentagon within the monomer. The Raman frequencies in the 1250-1350 cm −1 region are associated with the backbone C-C stretch motion. Due to the strong Raman peak of diamond, the 1200 cm −1 region is not observed in a DAC (Fig. 6 inset) .
The low frequency Raman peaks in the 100-700 cm −1 range, shown in Figure 6 
FIG. 6:
The Raman spectrum of as-is PF8 film at ambient pressure and RT at low frequencies.
The doublet at 600 cm −1 marked by the arrows track the conformational isomers. The inset shows the high frequency region of the Raman spectrum of PF8 film; the sharp peak at 1320 cm −1 is the diamond peak from DAC.
A. The 100-1200 cm −1 region Figure 7 shows the ambient pressure data of a PF8 film sample before and after TC along with the spectra of the bulk sample after TC under pressure in the low frequency region. Due to the red-shift of the PL spectrum under pressure, the background of the Raman spectrum is quite high in this region. We select two pressure points which are just above the discontinuity seen in the PL peak positions at 1.1 GPa. The ambient pressure results of PF8 after TC clearly shows the appearance of new peak at 370 cm −1 . This is from the longitudinal accordion motion (LAM) of all anti conformation of the alkyl side chain.
Such a conformation of the side chains preclude the β phase suggesting that the individual backbone conformation is C γ or C α -type. The two pressure data upon TC show no signature of the 370 cm −1 peak, which means that the side chains at these pressures deviate from the all anti conformation, and the system is more like the C β conformation. This correlates well with the PL data, where a different pressure coefficient is seen for the PL vibronics beyond 1.1 GPa, which we attribute to a more planar conformation of the backbone. We note that in the presence of the β phase, LAM modes are not observed. Unfortunately, this low frequency region is difficult to systematically track in Raman scattering for all values of 300 400 500 600 700
Intensity (a.u.)
Raman Shift (cm pressure due to the rising background.
The Raman peaks in the 1140 cm −1 region originate from a CH in-plane bend motion along with a ring distortion. In the planar (β) conformation of the polymer or in a monomer there is mainly one Raman band at 1135 cm −1 that originates from the terminal phenyl rings.
For nonplanar conformations, this motion splits as two or more vibrations originating from monomer units about the center of symmetry of the molecule and from the end rings. Upon thermal cycling the polymer from its n-LC phase, which concomitantly induces an overall crystalline phase and a reduction of the β conformer, the 1135 and the 1172 cm −1 peaks broaden as seen in the ambient pressure data in Fig. 8 (a) . Under enhanced pressures there is a broadening of the 1135 cm −1 peak; however, unlike ambient pressure, TC does not induce a further broadening of this peak at high pressures. The pressure coefficient of the 1135 cm −1 Raman peak is 1.6 cm −1 /GPa and 2.9 cm −1 /GPa for the as-is and thermallycycled samples, respectively. These pressure coefficients are lower compared to the high frequency 1600 cm −1 Raman peak, as shown in the next section.
B. The 1600 cm −1 region A signature of the various conformational isomers is better deciphered by the backbone C-C stretch modes in the 1300 cm −1 region. Unfortunately, under pressure in a DAC this The spectrum at 3.1 GPa is from the PF8 sample after TC.
region is swamped by the Raman peak of the diamond. The intra-ring C-C stretch peak at 1605 cm −1 is clearly seen at all pressures for both as-is and TC samples. We present a detailed analysis of this peak as a function of pressure in this section.
Since the origin of the 1600 cm −1 Raman peak is from intra ring C-C stretch motion, it is not sensitive to the various crystalline phases or conformations. Fig. 9 shows a few selected spectra of the 1600 cm −1 region of the as-is bulk sample under pressure; for a comparison the 3.1 GPa spectrum of the TC sample is also shown. Beyond 2.1 GPa the Raman background increases with a distinct asymmetry of the 1605 cm −1 peak, as shown in Fig. 9 .
Such an asymmetry was observed in PF2/6 under pressure and was attributed to a strong electron-phonon interaction between the Raman peaks and the electronic continuum. 27 This is characteristic of a Breit Wigner Fano (BFW) resonance; in PF2/6 many of the vibrational peaks also showed an anti-resonance behavior. To determine the peak position, asymmetry parameter, and linewidth as a function of pressure, we fit the 1605 cm −1 peak with a BWF line shape given by
where ω 0 is the discrete phonon frequency, and Γ is the width of the resonant interference between the continuum and discrete scattering channels. The asymmetry parameter (1/q) depends on the average electron-phonon matrix element, M, and the Raman matrix elements between the ground and excited states of the phonon and electron. The broadening parameter is given by Γ = πM 2 D(ω), where D(ω) is the combined density of states for the electronic transitions.
35
Figure 10 (a) shows the peak position of the 1605 cm −1 Raman peak as a function of pressure. The pressure coefficient of the bulk PF8 sample before and after TC is almost the same at 7.2 cm −1 /GPa, which is higher than that observed for the 1135 cm −1 Raman peak. Pressure-induced changes in the vibrational frequencies is a measure of the Grunëisen parameter in the potential energy surface of the particular vibrational coordinate. For bulk inorganic solids the mode Grunëisen parameter is usually volume-independent. In molecular solids due to the differences between the local volume compression relative to that of the bulk, a volume dependent Grunëisen parameter is often observed. 36 It is therefore not surprising that the pressure coefficient of the 1135 cm −1 and 1600 cm −1 Raman frequencies are different.
We note that the mode Grunëisen parameter, which is given by (1/ω)dω/dp, is higher for the 1600 cm −1 peak compared to the 1135 cm −1 peak.
The inset of Fig. 10 (a) shows the linewidth increasing almost linearly with pressure for samples before and after TC. The assymetry parameter (1/q) from a BWF fit is small below 2.0 GPa, beyond which it increases rapidly with pressure as seen in Fig. 10 (b) . Since the −1 peaks originate from an intra-ring C-C stretch motion, thermal cycling and thus the changes in the induced phases have almost no impact on this Raman peak. The sign of the asymmetry parameter in a BWF resonance, which arises from an interaction of the electronic continuum, is an indicator of the energy of the continuum. The negative value of q in the fits show that the center of the electronic continuum lies below the discrete mode frequency of 1605 cm −1 (0.2 eV).
Since the vibrational frequencies of a harmonic solid are independent of compression, pressure induced changes in the Raman spectrum provide insight into the anharmonicity of the solid state potential. 37 The linear shift of the 1605 cm −1 Raman peak is a result of such an anharmonicity of the potential. Although one expects an additional shift of the phonon frequencies due to the BWF interaction, it is not possible to extract this information from our data due to the absence of a similar defect free polymer. The electronic continuum here arises from defect states such as the fluorenone defects or excimeric states. We see subtle differences between PF8 and PF2/6; the latter showed a higher asymmetry parameter and a square law dependence of the linewidth as a function of pressure. 27 The optical properties of PF8 and PF2/6 under pressure are further contrasted in the next section. In light of our experimental results on the optical properties of PF8 under pressure, where a rich change in the phase morphology is observed, future XRD measurements under pressure would be invaluable to map these phase transitions in both PF8 and PF2/6.
